Objective: To identify the optimal monoenergetic level, balancing metal artefacts, and the amount of noise present for imaging of metal implants using dual-energy computed tomography (CT) 
INTRODUCTION
Metal implants are known to cause artefacts when imaged by computed tomography (CT), thus degrading the image quality and obscuring details for accurate diagnosis. The use of dual-energy CT provides an attractive method for metal artefact reduction. It can reproduce different monoenergetic levels by means of data extrapolation. Different monoenergetic levels can reduce the artefacts by various degrees. The first reported optimal level was 105 kV. 1 We have occasionally found 120 kV to be a better monoenergetic level with regard to metal artefact reduction although this level also produced noisier images. Thus we formulated our study to identify the optimal monoenergetic level for imaging common hip implants such that metal artefacts would be minimised and the amount of noise would be balanced. We investigated this using a body phantom with common hip metallic implants.
This study aimed to identify the optimal monoenergetic level, balancing metal artefacts, and the amount of noise present, for imaging of metal implants using dual-energy CT focusing on the assessment of the periprosthetic soft tissue.
METHODS

Preparing the Phantoms
Four metallic implants commonly used in the hip were placed in a CT phantom body: unipolar hemiprosthesis, dynamic hip screw (DHS), intra-medullary (IM) nail, and titanium insert. They were placed in the central slot of the phantom with the interface between the implant and the phantom filled with KY jelly (Figure 1 ). Preinserted materials at the periphery of the phantom were left unremoved. A control phantom filled with jelly only was also prepared. 
Imaging the Phantoms
The phantom with the inserted prostheses was imaged by dual-source CT scanner (SOMATOM Definition Flash; Siemens, Forchheim, Germany). The scanning protocol was as follows: 140 kV (with tin filter) + 100 kV (at ratio of 1:1); 200 mAs; 0.5 s rotation time; 0.7 pitch.
The unipolar hemiprosthesis was imaged at two areas: the head and stem. The head of the hemiprosthesis and DHS were imaged in two axes; one axial to the scanner and one resembling the angle of its expected position in the hip with respect to the scanner. The IM nail was assessed both at the level with and without a screw inserted. The jelly-only control was also imaged.
Image Reconstruction and Analysis
The CT images were reconstructed using the syngo.via software with monoenergetic function. This function decomposes the CT numbers of the images and can reproduce images at different monoenergetic levels via data extrapolation. For implants inserted at an angle, they were reconstructed such that a true axial image of the implant was obtained. The images were then exported and reviewed on the picture archiving and communication system. They were assessed with standardised soft tissue window (L:350;W:50) as our aim was to evaluate the effect of artefact on visualisation of the adjacent soft tissue and at the same time appreciate the change in noise level.
Monoenergetic Level with Least Amount of Noise
In the first part of the study, we aimed to identify the monoenergetic level with the least amount of noise, given the CT parameters. A 8 cm 2 region of interest (ROI) was positioned at a fixed position ( Figure 2 ) to measure the standard deviation of Hounsfield unit to reflect the background noise at different monoenergetic levels (70-170 kV with increments of 10 kV). The monoenergetic level with the least amount of noise was selected as one of the references for the second part of the study.
Monoenergetic Level with Best Quality, Least Metal Artefacts, and Acceptable Noise Levels
In the second part of the study, we aimed to determine the monoenergetic level with the least amount of metal artefacts present such that the soft tissue background of the phantom was least obscured but balanced with the amount of noise present.
Four monoenergetic levels were then chosen (80, 90, 105, 120 kV) for each implant and were assessed and scored (presence of least to most artefacts: score of 1 to 4) by nine radiologists who were blinded to the monoenergetic level used. A total of eight sets of As this study did not involve patients. No approval was sought from the ethics committee.
RESULTS
Monoenergetic Level with Least Amount of Noise
In the first part of the study, images with the least amount of noise were in the range of 85 to 95 kV. This is shown in Figure 3 where the trough of the graph representing the least amount of noise lies in this range for both the jelly and the hemiprosthesis. We also repeated the measurement of noise in the other three quadrants in the jelly-only phantom. They also showed the trough to be in a similar range (Figure 4 ). We thus included 90 kV among one of the references in the second part of the experiment.
Monoenergetic Level with Best Quality, Least Metal Artefacts, and Acceptable Noise Levels
The mean score for the different monoenergetic levels for all implants is shown in For subgroup analysis of individual implants, a level of 105 kV produced the best quality images with statistically significant better scores when imaging the hip stem, DHS, and IM nail ( Table 2) . A level of 120 kV trended towards being the best monoenergetic level when imaging the hip head and the IM nail with screw where more artefacts were inherently present. A level of 90 kV trended towards being the best monoenergetic level with titanium insert where artefact was nearly absent. When they were imaged at the anatomical position where artefacts were augmented by multiplanar reconstruction (MPR), 105 kV trended towards being the best monoenergetic level.
DISCUSSION
The increasing use of dual-source or dual-energy CT scanners has brought about many new clinical applications of CT. In musculoskeletal imaging, these include diagnosis of gout, assessment of bone marrow oedema, and metal artefact reduction.
Metal implants are known to cause artefacts when imaged at CT due to the effects of photon starvation and beam hardening. 2 These artefacts impair assessment of the internal structure of the implant as well as obscure the detail of the soft tissue in its vicinity and their interface. With single-source CT scanners, methods to reduce the degree of artefacts include using higher kV and mA and narrowing the collimation.
3 With dualsource / dual-energy CT scanners, metal artefacts due to beam hardening have been found to be, though not entirely, significantly reduced. 1, 4, 5 The source images acquired with the two energies can be decomposed, reproducing images at different monoenergetic levels via data extrapolation. This only requires one scan to be obtained and the patient dose is kept the same. Bamberg et al 1 were the first to report a range of 95 kV to 150 kV as suitable levels for reconstruction and specified 105 kV as the optimal monoenergetic level. Subsequent studies reported optimal monoenergetic levels ranging from 105 kV to 148 kV. [5] [6] [7] [8] These studies varied in terms of the region imaged, material, and the geometry of the implants that may affect the optimal monoenergetic level.
The conclusion of these studies resulted in a wide range of monoenergetic levels. In daily practice, it is impossible to archive image reconstruction at all of these monoenergetic levels and clinicians who do not have access to the radiological database require a single set of images to review. Thus obtaining a single set of images with the best image quality is necessary. Artefacts should be minimised and at the same time the images should be of an acceptable noise level. In addition, imaging is often driven by protocol and a radiologist may not be available at the time of imaging to choose the optimal monoenergetic level. Therefore it is more practical if the optimal monoenergetic level can be confined to a few useful ones that can be generalised to all patients. We focused our analysis on the visualisation of soft tissue in the vicinity of the implant in contrast to previous studies that looked at the visibility of the implant itself. We used soft tissue window in our analysis such that we could simultaneously appreciate the change in the background noise and degree of obscuration by the streak artefacts.
In the first part of our study the monoenergetic level with the least amount of noise was in the range of 85 kV to 95 kV and the noise increased with increasing kV after 95 kV: 120 kV images were noisier than 105 kV images. This level, however, is dependant on the amount of noise in the source images and the dose distribution and is thus specific for the CT parameters used.
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In the second part of our study, 105 kV was the overall best monoenergetic level for all implants combined. This agrees with Bamberg et al 1 who reported 105 kV as a quite robust level that could be considered the best level for implants in general. Nonetheless, in our subgroup analysis of individual implants, 120 kV 120 kV 90 kV 80 kV Figure 6 . Images of intramedullary nail with screw. 120 kV has the best quality a n d 8 0 k V t h e w o r s t quality. The narrowest band of artefacts is shown with 120 kV (arrow).
trended towards being the best monoenergetic level when implants produced more inherent artefacts such as with images of the head of the hemiprosthesis and the IM nail with screw inserted. The more significant artefacts with these image sets may be related to the thickness and non-circular configuration of the implant rather than the material itself. This is because the stem compared with the head of the same hemiprosthesis and the IM nail without the screw compared with the same IM nail with the screw present produced much fewer artefacts. 90 kV trended towards being the best monoenergetic level with titanium insert where artefact was almost absent. This may be because when there are no artefacts, background noise became the discriminating factor rather than the streak artefacts. When they were imaged at the anatomical position where artefacts were augmented by MPR, 105 kV only trended to being the best monoenergetic level with no statistical difference in score compared with 120 kV.
A limitation of our study is that we only compared four monoenergetic levels in the second part of our study based on previous literature and our routine practice. The implants that we included in our study were also only those that are commonly used in the hip region while those used elsewhere in the body were not investigated.
CONCLUSION
With regard to imaging the soft tissue around a metallic implant, the overall optimal monoenergetic level for reduction of metal artefacts using dual-energy CT is 105 kV. When more artefacts are inherently present, 120 kV trended towards being the best monoenergetic level. When artefacts are minimal, 90 kV trended towards being the best monoenergetic level with the least 120 kV 90 kV 80 kV
